Previous studies suggested that oxidative stress is related to the onset and development of osteoporosis. Moreover, it was demonstrated that berberine has a protective effect against oxidative stress-induced injuries. In this study, we aimed to investigate the effect and mechanism of action of berberine on rats with induced osteoporosis. Sixty 8-week-old female Wistar rats were randomly divided into the following 6 groups: control saline-treated, osteoporosis saline-treated, 3 osteoporosis berberine-treated groups (Ber 5, 10, and 20 mg/kg/body weight, respectively), and osteoporosis alendronate-treated (ALD) group. Osteoporosis was induced by bilateral ovariectomy. All treatments were performed for 8 weeks. The bone mineral density (BMD), serum alkaline phosphatase (ALP), osteocalcin, calcium, phosphorus, superoxide dismutase (SOD), methylenedioxyamphetamine (MDA), and glutathione peroxidase (GSH-Px) level was determined in the rat femur tissue. The gene and protein expression of osteoprotegerin (OPG) and receptor activator of nuclear factor kappa-B ligand (RANKL) was analyzed by quantitative reverse transcription PCR and Western blot, respectively. The BMD, SOD and GSH-Px levels, and the expression of OPG were significantly lower in osteoporosis compared to control group (all P < 0.05). The serum levels of osteocalcin, ALP, and MDA, and the expression of RANKL were significantly higher in osteoporosis compared to control group (all P < 0.05). Berberine, especially the high doses of berberine, effectively increased SOD, GSH-Px, and OPG levels as well as decreased serum osteocalcin, ALP, MDA and RANKL levels in berberine-treated osteoporosis groups (all P < 0.05). To conclude, oxidative stress may promote the development of osteoporosis in rats through the RANK/RANKL/ OPG pathway. The antioxidative effect of berberine reduces the development of osteoporosis in rats to some extent.
INTRODUCTION
Aging is the process of physical deterioration of the body and can be accompanied by various diseases, including osteoporosis, arthritis, cardiovascular atherosclerosis, Alzheimer' s disease, and malignant tumors. With increasing aging population in China as well as in the whole world, common diseases related to old age, such as osteoporosis, have been causing widespread concern. As a systemic metabolic disease, osteoporosis causes microarchitectural deterioration of bone tissue, leading to increased bone fragility and risk of bone fractures. In China, the prevalence of osteoporosis in adults over 40 years old is about 13.2% [1] , which is also associated with increased medical costs.
Different factors contribute to the onset of osteoporosis, including genetic, nutritional, and lifestyle factors among others [2, 3] . Mody et al. [4] showed that oxidative stress could inhibit osteoblast differentiation from rat bone-marrow derived cells, stimulate the differentiation of osteoclasts, and promote the development of osteoporosis. The exact , Chun-Hua Zhang mechanism of how oxidative stress inhibits the differentiation of osteoblasts and induces the apoptosis of osteogenic cells is still not clear. Previous studies suggested that extracellular signal-regulated kinase (ERK) and ERK-dependent activation of nuclear factor-kappa-B (NF-κB) play an important role in the inhibition of osteoblast differentiation and in the apoptosis of osteogenic cells [5, 6] . Superoxides produced by osteoclasts are directly involved in the process of bone degradation. Superoxide radicals are synthetized by osteoclasts at the osteoclast-bone interface, and the inhibition of superoxide production in osteoclasts reduces bone resorption [7] . Using an RNA interference method to inhibit the production of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 1 (NOX1) in osteoclast precursor cells, Lee et al. [8] found that the production of reactive oxygen species (ROS) and differentiation of osteoclasts, which are mediated by receptor activator of NF-κB ligand (RANKL), are completely suppressed [8] .
These results suggest that NOX1 in osteoclasts participates in ROS production, and that ROS further promote the differentiation of osteoclast precursor cells. In other words, oxidative stress stimulates the growth and differentiation of osteoclasts, while osteoclasts produce ROS. The impairment of antioxidant defense system can lead to the development of osteoporosis. Although previous studies indicated that oxidative stress-induced osteoporosis might be associated with NF-κB and RANK/RANKL/osteoprotegerin (OPG) pathways, the specific mechanism is still not clear [9, 10] .
Berberine is the major constituent of Rhizoma Coptidis, also known as Coptis berberine. It has numerous positive effects, including those on congestive heart failure, blood glucose and blood lipids, as well as cholagogue and antiarrhythmic effects. Recent studies showed a protective effect of berberine on acute myocardial ischemia, i.e. it could reverse ventricular hypertrophy and inhibit ventricular remodeling. This process is related to the inhibitory effect of berberine on oxidative stress [11] [12] [13] . In addition, Zhou et al. [14] showed that berberine sulfate could attenuate the differentiation of osteoclasts.
Here we investigated the mechanism of oxidative stress in rats with induced osteoporosis and the effect and possible mechanism of action of berberine on osteoporosis in rats.
MATERIALS AND METHODS

Animals and groups
Sixty healthy female Wistar rats, 8 weeks old and with body weight 238 + 22 g, were provided by the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences. After 1 week of adaptive feeding, the rats were randomly divided into 6 groups, with 9 or 10 rats in each group, as follows: sham operation group (control group, normal rats), osteoporosis group, 3 groups of rats with induced osteoporosis and treated with different concentrations of berberine (ber 5 mg/kg body weight [b.w.], ber 10 mg/kg b.w., and ber 20 mg/kg b.w.) and a group of rats with induced osteoporosis and treated with alendronate [ALD] (7 mg/s kg b.w., per week). Berberine and ALD were administered orally, and sham and osteoporosis group received the same amount of vehicle buffer.
The animal protocol was approved by the Institutional Animal Care of our hospital. The animals were housed under controlled conditions (temperature, 23 ± 2°C; relative humidity 50 ± 10%; 12-hour light/dark cycle) and allowed free access to standard diet.
Osteoporosis model and treatments
Osteoporosis was induced by bilateral ovariectomy; the rats were anesthetized by intraperitoneal injection (IP) of 3% pentobarbital sodium (0.1 mL/g). The abdominal skin and muscles were opened, the ovarian arteries were ligated in the uterus, and bilateral ovariectomy was performed. The small adipose tissue around the ovary was resected in the control group. The drugs were administered orally with intragastric volume of 1 ml; berberine was administered daily, while ALD was administered weekly. The control and osteoporosis groups were treated with physiological saline. The treatments lasted for 8 weeks.
Bone mineral density (BMD)
After 8 weeks of treatment in each group, the rats were euthanized by decapitation. The soft tissues around the proximal end of the femur were removed carefully. The BMD of the femur was measured by dual-energy X-ray absorptiometry [DXA] (Prodigy DXA systems, GE Healthcare, Pittsburgh, PA, USA) and analyzed by Hologic Discovery DXA system (Hologic, Inc., Bedford, MA, USA).
Laboratory measurements
Serum alkaline phosphatase (ALP), osteocalcin, calcium, and phosphorus levels were determined using an automatic biochemical analyzer (Beckman Coulter, Miami, FL, USA). Malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and total protein in the femur tissue were detected with commercial kits according to the manufacturer' s instructions (Beyotime Biotech, Shanghai, China).
Quantitative reverse transcription PCR (RT-qPCR)
The mRNA expression of OPG and RANKL in the femur tissue was measured by RT-qPCR. The total RNA was extracted with the TRIzol (Life Technologies, Carlsbad, CA) reagent (a single-step RNA isolation procedure). The cDNA was synthesized by a reverse transcription reaction and amplified. The relative expression of OPG and RANKL mRNA was measured by SYBR Green Quantitative PCR (Takara, Tokyo, Japan). Primer 3 software was used for primer design. β-actin was used as an internal control. The primer sequences were as follows:
OPG upstream primer: 5' TACAGCATCACTACGTA GGAC 3'; OPG downstream primer: 5' ACGTCATGCGATCACAT ATCG 3'; RANKL upstream primer: 5' GACAGGCACGGACT CGTA 3'; RANKL downstream primer: 5' CGCTCATGCTAGTC GTCTA 3'; β-actin upstream primer: 5' GAAATCGTGCGTGACAT TA 3'; and β-actin downstream primer: 5' TAGGAGCCAGGGCA GTAA 3'. The relative expression of mRNA was calculated by the 2-ΔΔCT method.
Western blot
The OPG and RANKL protein expressions were detected by western blot. Ice-cold lysis buffer was added to prepared femur tissue. The samples were homogenized by grinding, centrifuged at 12,000 r/min for 2 minutes at 4°C, and the supernatant was separated for further analysis. The same amount of nuclear protein was loaded in 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for protein separation. The proteins were transferred to polyvinylidene difluoride (PVDF) film, blocked in 5% skim milk overnight, and washed three times with Tween 20 Tris-buffered saline (TTBS). OPG (ab203061) and RANKL (ab169966) rabbit anti-rat primary antibodies (1:1000, Abcam plc, Cambridge, MA, USA) were added, incubated at 4°C overnight, and washed three times with TTBS. The secondary antibody, horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody, was added and cultured at room temperature for 2 hours. The proteins were visualized with RapidStep ECL Reagent (Merck Millipore, Darmstadt, Germany). An Odyssey  Imaging system (LI-COR Biosciences, Lincoln, NE, USA) and Quantity One  1-D analysis software (Bio-Rad, Hercules, CA, USA) were used for semi-quantitative analysis.
Statistical analysis PASW Statistics for Windows, Version 18.0 (SPSS Inc., Chicago, IL, USA) was used for data analysis. Data were presented as mean ± standard deviation (SD). Analysis of variance (ANOVA) and Fisher' s Least Significant Difference (LSD) test were performed to test the difference between the groups. A value of P < 0.05 was considered statistically significant.
RESULTS
Weight comparison between groups
There was no difference in the rat body weight between the groups, prior to the treatment with saline, berberine, or ALD. After 8 weeks of the treatments, the weight in the osteoporosis, 3 berberine-treated groups (i.e. 5, 10, and 20 mg of berberine/kg b.w.), and ALD group was higher compared to the control saline group (290.3 g, 291.2 g, 288.8 g, 289.5 g,  292.2 g versus 261.3 g, respectively) , but the differences were not statistically significant [ Table 1 ].
BMD comparison between groups
After 8 weeks of the treatments, the femur BMD in the osteoporosis group was lower compared to the control group (0.167 ± 0.013 versus 0.189 ± 0.009). The treatment with ALD significantly increased the femur BMD in the rats with induced osteoporosis compared to the control group (0.184 ± 0.017 versus 0.167 ± 0.013, P = 0.03). The treatment with berberine increased the BMD to some extent in 3 berberine-treated groups compared to the osteoporosis group, nevertheless, the BMD did not reach the normal values in these groups [ Table 2 ].
Comparison of serum osteocalcin, ALP, calcium, and phosphorus levels between groups As shown in Table 3 , osteoporosis led to a high expression of osteocalcin; the osteocalcin level in the osteoporosis group was significantly higher compared to the control group (13.11 ± 1.12 ng/ml versus 7.68 ± 0.89 ng/ml). The treatments with berberine and alendronate reduced the osteocalcin level in the rats with induced osteoporosis (all P < 0.05, Table 3 ); nevertheless, this result was not significant compared to the control saline group. Similarly, the ALP level was increased in the osteoporosis group (138.5 ± 24.3 versus 82.9 ± 4.8 in the control saline group, P < 0.01) and the treatments with berberine and alendronate reduced the ALP level in the rats with osteoporosis (all P < 0.05 except for the group treated with ber 5 mg/kg/b.w, P > 0.05). In addition, the serum calcium and phosphorus levels were increased in the osteoporosis group, and berberine and alendronate reduced their levels, but with no statistically significant difference compared with the control saline group [ Table 3 ].
Expression of MDA, SOD and GSH-Px in rat femur tissue
In the osteoporosis group, the expression of MDA in the femur tissue was markedly higher and the expression of SOD and GSH-Px was lower compared to the control group [ Table 4 ]. The treatment with berberine significantly decreased the expression of MDA and increased the expression of SOD and GSH-Px in the berberine-treated groups. The expression of MDA, SOD and GSH-Px in the rats with induced osteoporosis and treated with the highest concentration of berberine (20 mg/kg/b.w) was not statistically different compared to the control saline group. Moreover, berberine demonstrated a higher antioxidative effect on the femur tissue in the rats with osteoporosis compared to alendronate. mRNA and protein expression of OPG and RANKL RT-qPCR and western blot results [ Figure 1 ] showed that the expression of OPG in the osteoporosis group was lower compared to the control group. On the other hand, the expression of RANKL in the osteoporosis group was higher compared to the control group. Berberine increased the expression of OPG and decreased the expression of RANKL at the mRNA and protein level in a dose-dependent manner. The changes in the expression of OPG and RANKL between the osteoporosis and berberine-treated groups were considerable, especially in the group treated with the highest dose of berberine, where the differences in the OPG and RANKL expressions were statistically significant compared to the osteoporosis group. These results indicate that OPG and RANKL are associated with the mechanism of action of berberine in rats with osteoporosis.
DISCUSSION
In this study, we investigated the mechanism of oxidative stress in rats with induced osteoporosis by measuring the levels of different proteins possibly involved in the oxidative process. We found that the MDA level in the osteoporosis group was significantly higher compared to the control group, while the SOD and GSH-Px levels were significantly lower in the osteoporosis versus control group. These results indicate that the oxidative processes and antioxidative defense mechanism are unbalanced in osteoporosis, i.e., oxidative stress is increased and antioxidant system is impaired in this state. We further investigated the effect and possible mechanism of action of berberine in rats with induced osteoporosis. In our study, berberine decreased the MDA and osteocalcin levels in rats with osteoporosis, while it increased the SOD and GSH-Px levels. These results demonstrate that oxidative stress may be reduced by antioxidants and, consequently, the bone loss could be prevented or at least decreased.
The process of differentiation of bone marrow-derived macrophages (BMM) into osteoclasts is mediated by the RANK/RANKL system. During this process, ROS are produced through a signaling cascade that involves tumor necrosis factor receptor associated factor 6 (TRAF6), Ras-related C3 botulinum toxin substrate 1 (Rac1) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 1 (No × 1). Under The BMD was determined 8 weeks after the treatment in each group. *The control and osteoporosis groups were treated with saline. Ber: Berberine; ALD: Alendronate; b.w.: body weight TABLE 3. Serum osteocalcin, alkaline phosphatase, calcium, and phosphorus levels in each group, after the 8-week treatment normal physiological circumstances, the production of ROS and antioxidant defense system are in equilibrium. Once the balance is impaired due to smoking, aging, estrogen deficiency or other factors, oxidative stress occurs in these cells. This may lead to extensive oxidative damage which negatively affects the growth, differentiation, and proliferation of the cells. If uncontrolled, the production of free radicals by osteoclasts can accelerate the damage of the calcified tissue and hamper the reconstruction of the bone. This further impairs the healing process and development of bone [15, 16] .
Using RANK-deficient mice, Dougall et al. [17] showed the important role of RANK in lymph node organogenesis and osteoclast differentiation [17] . In addition, it has been demonstrated that oxidative stress promotes cell senescence and apoptosis by activating different signal transduction pathways involving NF-κB, mitogen-activated protein kinases (MAPKs), tumor protein p53 (TP53), and heat shock factors (HSFs) [8, 18, 19] .
Other studies showed that oxidative stress also damages fibronectin, one of the major components of bone extracellular matrix. This glycoprotein participates in the processes of migration, adhesion, proliferation, and differentiation of osteoblasts. Because the metabolic change of fibronectin is relatively slow compared to other components of the cell, fibronectin is affected by different non-enzymatic modifications, including the formation of oxygen-free radicals during the aging. Fibronectin molecules damaged by ROS lose their function in bone formation. Overall, this process is regulated by various factors, and although the exact mechanism is not clear, it appears that the regulation of fibronectin and RANKL is important for bone resorption [20] .
Zhao et al. [21] also showed that the OPG/RANKL pathway is an important signal transduction pathway in osteoclast differentiation. Furthermore, in their review, Kobayashi et al. [22] indicated that the expression of RANKL increases with increased levels of oxidative stress, while the OPG expression and OPG/RANKL ratio decrease. This means that increased oxidative stress stimulates the RANKL/RANK interaction, while it inhibits the OPG/RANKL/RANK system. In this state, the formation, differentiation, and maturation of osteoclasts are promoted and bone resorption is decreased, eventually leading to the damage of bone tissue and development of osteoporosis. Consistent with the above-mentioned studies, the expression of RANKL was increased in our osteoporosis group, while the expression of OPG was decreased in this group compared to the controls. The RANKL/OPG ratio was also increased in the osteoporosis group (data not show). Furthermore, berberine decreased the expression of RANKL in the rats with induced osteoporosis and increased the OPG expression.
Moreover, Zhou et al. [14] showed that berberine sulfate could inhibit the differentiation of osteoclasts at the dose of 0.25, 0.5 and 1 μM, in BMM-derived osteoclast culture system [14] . In this study, we used an in vivo model for investigating osteoporosis. Although the berberine treatment did not improve the BMD significantly in the berberine-treated rats, it decreased the level of oxidative stress in these groups.
However, whether clinical application of berberine could be beneficial in other instances, such as postmenopausal women with osteoporosis, needs further confirmation.
CONCLUSION
To sum up, oxidative stress may promote the development of osteoporosis through the RANK/RANKL/OPG pathway, and antioxidants such as berberine can mitigate the progress of osteoporosis. Nevertheless, we made this conclusion based on the rat model of osteoporosis and berberine should be evaluated for adverse as well as beneficial effects in clinical trials. In addition, the specific mechanism of oxidative stress in osteoporosis should be further investigated.
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